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all devices at the same time. This ensures the maximum level of accuracy. Figure 4.3 shows an ex-
ample of the calculations to dene the volume, we repeated the same procedure for all the cameras.
Figure 4.3: Arrangement of the OTS cameras.
Using the calibration parameters described in Appendix C, we obtained a mean error of
0.133 mm in all cameras. This classied the calibration accuracy to be \Very High Quality".
4.1.2 Data Streaming
The software TrackingTools allow us to track up to 100 point consecutively. In our scenarios, we
located two markers at the needle, but we also included some markers on the object.
We measured the location of each marker at every single frame, and we reported the time and
XYZ coordinates for each node. To stream the data we used a client/server networking SDK
called NatNet SDK 2.1 (See Appendix C for the parameters of NatNet). This SDK let us run the
tracking software and integrate Optitrack data in real time using C++.
4.2 Accuracy of OTS Relative to the Laser Scanner
The main idea is to estimate the accuracy of the Optical Tracker with respect to a gold standard, in
this case: the FARO laser scanner. Do to so, we located two markers in the needle and we scanned
it. Then we analyzed the distance between those two points and we compared that estimation
with the data given by the OTS in multiple frames. In this section we present the methods, results
and conclusions of this study.
4.2.1 OTS Measurements of the Distance Between Two Markers
We rst attached two special markers to the needle and, using the information of the calibration
described in section 4.1.1, we tracked the location of both spheres while the needle was displaced
(see Fig. 4.4(a)). We moved the needle down and up 10 mm in each case, which led us to have
a sample size of 7865 frames. Once we streamed the coordinates of the markers, we measured
the distance between them for each frame. The histogram that describes the measurements of the
OTS for this experiment is shown in Fig. 4.4(b). From a sample size of 786 frames, the mean
value for the distance between spheres corresponded to 31.4497 mm with standard deviation equal
to 0.0404 mm and variance equal to 0.0017.
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(a) Experimental Setup of the
OTS to measure the XYZ coor-
dinates of two markers located in
the needle, while it was being dis-
placed.
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(b) Histogram with the distribution of OTS measurements for the dis-
tance between spheres (Sample size: 786 frames, Mean: 31.4497 mm,
Standard Deviation: 0.0404 mm, Variance: 0.0017)
Figure 4.4: Experimental Setup and measurements with the OTS to obtain the distance between
to markers located on the needle.
We observed that the histogram did not have a Gaussian distribution, however we also found a
relevant information. If we subdivided the movement of the needle in four stages and we analyzed
the histogram correspondingly, we obtained four Gaussian histograms (see Fig. 4.5 and Fig. 4.6).
Details of every histogram are presented in Table. 4.1.
Figure 4.5: Stages in the indentation of the needle (to analyze the histograms).
Based on the results of this measurements, one could see that the accuracy of the OTS was
dependant on the position of the needle. This means that for stages 1 and 4 we had a very
similar distribution, the same happened with stages 2 and 3. The next step corresponded to the
evaluation of the same distance but using a laser scanner. The laser scanner will be considered as
a gold standard, and once we determine the true distance we could conclude about the accuracy
of the OTS for each region or stage.
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Figure 4.6: Histograms for each stage during the needle displacement (observe that same color
means similar distribution)
Histogram Mean [mm] Std Var Sample Size [Frames]
Stage 1 to 4 31.4497 0.0409 0.0017 7865
Stage 1 to 2 31.4487 0.0409 0.0017 3943
Stage 3 to 4 31.4507 0.0408 0.0017 3922
Stage 1 31.4227 0.0220 4:83 10 4 2593
Stage 2 31.4987 0.0124 1:53 10 4 1350
Stage 3 31.4999 0.0126 1:58 10 4 1371
Stage 4 31.4243 0.0219 4:79 10 4 2551
Table 4.1: Inverse FEM results for the calibration of a brain made of silicone rubber using experi-
mental measurements of at-tip needle indentation.
4.2.2 Gold Standard: Laser Scanner
We took the same needle and without moving the spheres, we laser scanned them. The main idea
was to dene the true value for the distance between the centers of the markers. We used the
CHAPTER 4. ACCURACY OF THE OPTICAL TRACKING SYSTEM 78
laser scanner with specications dened in the Appendix C and the corresponding cloud of points
is presented in Fig. 4.7(a). The centers of the spheres were extracted by tting a perfect sphere
with a diameter of 3 mm using RapidForm. We repeated the same procedure nine times to nd
the distribution of the measurements for the distance between both tted spheres. Figure 4.7(b)
presents the result of tting a couple of spheres to the cloud of points obtained with the laser
scanner.
(a) Cloud of Points resulting of the laser scanning for the needle
and the two markers.
(b) Perfect Spheres of 3 mm diameters
that were tted to the cloud of points mul-
tiple times.
Figure 4.7: Scanned needle and spheres tted to the corresponding cloud of points.
For all the possible combinations of tted spheres we obtained 81 measurements of the distances
between two spheres. The histogram of the measurements with the laser scanner is presented in
Fig. 4.8, where its corresponding mean was 31.0373 mm, standard deviation was 0.0320 and vari-
ance 0.0010 mm for a sample size of 81 measurements.
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Figure 4.8: Histogram with the distribution of measurements of the distance between the two
spheres using laser scanning.
4.2.3 Summary and Discussion
In this section we measured the distance between the centers of two markers located on the nee-
dle. We obtained those measurements using two devices: an Optical Tracking System and a Laser
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Scanner, where the second alternative was used as a gold standard to validate the results of the
OTS.
For the OTS we found two dierent Gaussian distributions according to the location of the needle
tip. When the needle was located in the upper place, the mean value of this measurement was
around 31.42 mm with a standard deviation of 0.02 mm, otherwise the mean value was close to
31.49 mm with a standard deviation of 0.01 mm. In the case of laser scanning, the mean value of
the distribution for the measurements was 31.03 mm with a standard deviation of 0.03 mm.
We concluded that there was a systematic bias in the measurements of the OTS respect to
the gold standard. For the upper location of the needle (stages one and four) the system error
corresponded to 0.39 mm with a random error of 0.02 mm. On the other hand, for the lower loca-
tion of the needle (stages two and three) the systematic bias was 0.46 mm with a random error of
0.01 mm. Note that the random error of the measurements given by the laser scanner was 0.03 mm.
Even if we found those distributions were not the same, the dierence between the upper and
lower location corresponded just to 0.07 mm. Based on the publication of Bucholz et al. [8],
the accuracy of neurosurgery is not better than 1 mm. Therefore, we concluded that the two
distributions of the OTS can be considered to have no signicant dierences, and we can do a
general bias correction of 0.4 mm.
4.3 Accuracy of OTS Using a Stepper Motor
The nal study to validate in a simple way the accuracy of the OTS was to compare its mea-
surements using as a reference the Stepper motor. The main idea was to x the velocity and
displacement of the needle during all the trajectory. In that manner, we knew the displacement
vs. time relationship (based on the parameters given by the stepper motor) and we compared that
graph with the trajectory given by the OTS.
For this experiment we programmed the motor to move at a velocity of 0.4 mm/sec until it reached
12 mm of displacement. Again the needle had to markers attached to its surface and the OTS
recorded their position while the needle was displaced. By knowing the initial position and the
location of each marker at each frame, we calculated their displacement in function of time. This
process resulted in two curves which corresponded to the two markers (see Fig. 4.9).
Figure 4.9: Comparison of measurements obtained with the OTS with respect to the estimation
given by the stepper motor.
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Finally we estimated the R-Squared error for the displacement of each marker. Their corre-
sponding error was 0.99998 and 0.99970. This led us to the conclusion that the OTS provided
accurate results in the measurement of displacement coordinates for the markers that are attached
to the needle.
Chapter 5
Conclusions and Future Work
5.1 General Summary and Conclusions
The design of a neurosurgical simulator for training in needle insertion requires accurate bio-
mechanical models, inclusion of haptic feedback, ecient training models, real-time responses, and
the implementation of experimental studies to measure mechanical properties in-vivo.
We developed a comprehensive study for the characterization of soft tissue using the inverse
nite element method and we evaluated the possibility to included an optical tracking system
for characterization of brain tissue in the operating room. Based on the reports from previous
works, we found about the necessity of doing characterization of soft tissue including appropriated
validations. The validations of the material properties could be done in multiple ways, like using
dierent tool-tissue interactions, comparing the simulated results with experimental measurements
of force/displacement plots, and evaluating the geometrical changes with the simulated and real
specimen. In this thesis, we started with simpler simulations, i.e. compression test in a cylinder,
until we reached our nal destination: needle indentation into a brain phantom tissue.
In a general nite element analysis problem one determines the force/displacement values at
every node over the domain, based on the information of boundary conditions, material prop-
erties and geometry. In consequence, the method we used in this research was called inverse
FEM because we found the material properties knowing the geometry, boundary conditions and
the force/displacement relationship. We estimated the mechanical parameters of the constitutive
equation by means of a Levenberg-Marquardt optimization algorithm that minimized the error
between the force/displacements curves of experimental measurements and the simulation results.
The characterization of phantom tissue (silicone rubber in our study) was done over a cylinder,
a block and a brain-shaped specimen. We submitted the cylinder to compressive forces with lubri-
cant, and we calibrated the material using the analytical solution of the problem. We obtained the
parameters for the Neo-Hookean, Reduced Polynomial, Mooney-Rivlin and Ogden material mod-
els, and we probed that they were stable for all strains using the Drucker Stability criterium. We
concluded the second order Reduced Polynomial model gave us the best approximation to the ex-
perimental data, and that using an analytical solution is only feasible for very simple approaches.
To validate the results and to present the importance of the inverse nite element method, we
re-calibrated the same cylinder using a bonded compression test, an axisymmetric simulation in
ABAQUS, and the second order reduced polynomial model. We observed the material properties
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were very close which led us to conclude that this methos was appropriated for simple approaches
and dierent tool-tissue interactions.
The following step was to study indentations into soft tissue using dierent indenter's shapes.
As mentioned earlier, the nal aim of this thesis was to contribute in the development of surgi-
cal simulators, which requires fast and accurate models. Therefore, it was important to analyze
how much the simulation could be simplied. We rst implemented a FEM in MATLAB of a
quasi-static 2D at-tip needle indentation into an elastic material, and we compared the results
with an axisymmetric simulation and hyperelastic materials in ABAQUS. We observed that the
improvement with the second alternative was highly notorious, so we successfully calibrated the
tissue using this simulation. Again, the parameters were very similar to the ones obtained with
compression tests. Secondly, to characterize soft tissue with a conical needle we dened the best
conguration of the mesh. We found that the most desirable option was the use of hybrid and
quadrilateral elements with quadratic shape functions. Thirdly, we laser scanned a brain model to
simulate needle indentation with both at and rounded tip. The characterization of the brain using
those two experimental measurements provided near values, which validated our results. However,
the material properties dier from the ones for the cylinder. We attributed the discrepancy to the
dierences in shape, volume and composition.
Later, we studied the eect of changing modeling space (3D vs. axisymmetric) and material
model (Neo-Hookean or Reduced Polynomial) in the accuracy of the force/displacement plots ob-
tained with the simulation. The 2k factorial design let us conclude that all factors were signicant.
Nevertheless and due to material models were more inuent, we concluded that one could sacrice
some accuracy and use a simpler and faster modeling space (i.e. axisymmetric) than the full 3D
model. The nal stage related with characterization allowed us to concluded that the 3D model
from FEM simulation gave a good approximation to the real solution, which was obtained with a
laser scanner.
Finally, we evaluated the accuracy of an Optical Tracking System using as a reference, data
from a laser scanner and a stepper motor. In the rst case, we found a systematic bias in the mea-
surements with two Gaussian distributions. But, the dierence between those two distributions
was under the accuracy of neurosurgery. In consequence, we could integrate them as a general
distribution and apply a general bias correction. On the other hand, we proved that dierences in
time/displacements plots between the motor and the optical tracker were not signicant.
The general conclusion of this thesis is that a silicone rubber could be successfully characterized
using needle indentation and we validated the results for multiple tool-tissue interactions. We also
proved that a neuronavigator (based on the same principle of an Optical Tracking System) could
be eectively used as part of a device to obtain brain properties in-vivo.
5.2 Future Work
As any research, this thesis allowed us to nd new areas of interest where we could improve the
characterization of brain tissue. We highlight the following ideas for future work:
 Use the optical tracking system as an additional alternative to validate the 3D
displacement of the model: In this thesis we used the measurements of the laser scanner
for this aim. However, we could track the locations of the markers which are all over the
tissue and compare its displacement with the FEM simulation.
 Evaluate if a viscoelastic material model gives a better approximation to the brain tissue
behavior than a hyperelastic model. Note, that we tested the force/displacement plots for
the silicone rubber changing movement velocities. We observed that in a range from 0.4 to
0.04 mm=s the curves did not signicantly change.
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 Now that we proved the eciency of the method for phantom tissue characterization, future
work could be to measure the properties during ex-vivo experiments.
 Obtain material properties during in-vivo experiments and using directly the neuronavi-
gation system.
 Increase the speed of running the FEM simulation for the development of surgical
simulators using Graphic Processor Units (GPU).
 Using the material properties that were dened in this thesis, integrate haptic feedback
in the needle indentation simulation.
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Appendix A
Bioengineering Development in
Colombia
Bioengineering and Biomedical Engineering is considered a multidisciplinary work which involves,
in most of the cases, the participation of doctors, mechanical engineers, electronic engineers and
in some cases computer scientists. During the 60s were formally introduced around the world
the rst advances in Bioengineering. Particularly in Colombia during that time, the milestone in
Bioengineering research was developed by Reynolds Pombo, with the design of the pacemaker and
biotelemetry, as well as the doctor Salomn Hakim and the engineer Jos Gabriel Venegas, with the
creation of the valve for hydrocephalus.
In Colombia since 1986, some research was done in the areas of electro-medicine, medical physics
and bioengineering by the Ponticia Universidad Javeriana, Universidad Nacional de Colombia,
Universidad de los Andes, Universidad de Santander, Universidad del Valle and the Medicine Fac-
ulty of the Universidad de Antioquia [31]. Considering, the huge importance of biomedical research
done around the world and the small number of research done in this area by Colombian Academic
Institutions until now, stimulated many Universities to establish Bioengineering programs.
Moreover, in the last decade some eorts have been integrated for supporting Bioengineering
research in the Country. The Colombian Association of Bioengineering and Electronic Engineering
(ABIOIN) have been strengthened all around the Country and have been integrating initiatives
with the Bioengineering Regional Council for Latin America (CORAL) and the Engineering in
Medicine and Biology Society (EMBS-IEEE). In additionn, new specialized Journal has been cre-
ated such as "Revista Ingeniera Biomdica", "Revista de la Facultad de Ingeniera de la Universidad
de Antioquia" and "Revista de Ingeniera de la Universidad de los Andes".
Generally, the research done in Colombia in the areas of Biomedicine and Bioengineering are
related to signals processing and systems, clinical engineering and electronic bioinstrumentation:
 SIGNALS AND SYSTEMS: considers biomedical signal processing (e.g. EMG: Elec-
tromyography, EEG: Electroencephalography, ECG: Electrocardiography, EOG: ElectroOcu-
loGraphy) and modeling of physiologic and physiopathological processes (virtual reality sim-
ulation for training of surgeons).
 CLINICAL ENGINEERING: consists on the formulation of models for biomedical tech-
nology management within hospitals and maintenance and metrology of biomedical equip-
ment.
 ELECTRONIC BIOINSTRUMENTATION: includes developed devices for recording,
packaging and processing bio-signals
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Figure A.1: Three Dimensional Tracking - left: Stereotactic Frame, Right: Graphic Interface [31]
Figure A.2: Laparoscopy Surgical Simulation [72]
Considering the topic of interest in the present thesis, it is important to include the current
research done at the Universidad de Antioquia, where the CIBIC Group (Bioelectronic and Clinic
Engineering Group) and the SINAPSIS Group (Neurosciences) have studied the tridimensional
tracking based on neurosurgical images (see Figure A.1). This research pretends to locate in real-
time over a 3D virtual model, the 3D position of a surgical instrument attached to a Stereotactic
Frame based on Computer Axial Tomography (CAT) and Nuclear Magnetic Resonance Imaging
(NMRI).
Finally, other research done in Colombia that I would like to highlight is the one developed
by the research Group of Virtual Reality at the Computer Science Department of the University
EAFIT [72]. They are currently working on the development of Surgical Simulator for Training
Laparoscopic Procedures. This simulator aims to include haptic feedback, it is based on a 3D
reconstruction of the liver using the Visible Human Project and the physical model where CUDA
parallel programming is used to carry out the calculations with high computational eciency (refer
to Figure A.2). Since the time they started this project, one can nd some publication of their
results in [16], [17].
Appendix B
Deformable models
B.1 Heuristic Approaches
B.1.1 Deformable Splines
Splines are the rst models to be applied in the eld of surgical simulation and they are used to
obtain smooth curves, surfaces or volumes by moving the control points. The primary drawback of
this approach is its complexity and computational cost compared to mass-spring systems without
oering better realism [50]. This is because it is dicult to express the mechanics of physical
bodies in terms of these abstracted control points.
B.1.2 Mass-Spring Models
A mass-spring system attempt to approximate the behavior of a continuous body considering that
each node i, has a mass mi , a position xi and is connected with its neighbors by springs with
constant k (see Figure B.1). The way how nodes are connected is dened by Ti  meshes, which
implies that each vertex is connected with i+1 vertices. Moreover, each node is subject to the
Equation B.1 [2]:
Figure B.1: Mass-Spring System (White nodes: T2-mesh; Black Nodes: graphic nodes - triangular
surfaces) [50]
mi
d2xi
dt2
+ 
dxi
dt
+ f iint = f
i
ext; (B.1)
where the internal force f iint is opposed to the deformations caused by the external forces f
i
ext and
is dened by the Equation B.2:
f iint =
P
iNi
kij
jrj rij jrj rij0
jrj rij (r
j   ri) i = 1 : : : Nnodes; (B.2)
where, the superscript 0 is relative to the initial length.
The network of springs obey the Hooke's Law, but it is also possible to include a damping
coecient to create a viscoelastic material behavior. The bigger strength of mass-spring system
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is their mesh simplicity which facilitates the direct rendering. As an advantage, the resulting
system of equations is easy to obtain and program, also its relative realism permits adequate
representations and it can be used for both static and dynamic simulations. The weaknesses of
mass-spring systems are the impediments of rapid global propagation of deformations, the inability
to maintain a constant volume and, because this methods do not rely upon continuum mechanics,
their behavior cannot be easily be compared with biomechanical studies. Despite its drawbacks,
mass-spring system is the most widely used deformable model according to Meier et al. [50].
B.1.3 Linked Volumes
This approximation corresponds to volumetric form of mass-springs systems using spheres. The
main dierence is the number of nodes which increase, occasioning higher computational cost.
As an advantage, with linked volumes is easier to simulate cutting, carving, joining and tearing
by eliminating or adding the respective joints between elements. A derived method from linked
volumes is denoted as Chain mail algorithm which uses the same volumetric quantization but
instead of springs the three-dimensional structure is in form of chains [18]. In this case, the motion
of a single mesh node is absorbed by the link interface between adjacent nodes. Such as mass-springs
models, the great advantage of chain mail algorithm is its simplicity but its greatest disadvantage
lies in the arbitrariness and therefore, it is not clear how physically realistic deformation behavior
can be modeled.
B.2 Continuum-Mechanical Approach
These methods are based on the laws of continuum mechanics which describe how to compute the
stresses inside a volumetric object derived from a given deformation eld. In this applications,
the idea of the continuum mechanical methods is to solve the Newton's law of Motion for all the
elements located in the deformable object (see Equations 2.18 and 2.20). This equations can be
simplied when it is assumed a linearly elastic material, slow deformations and negligible internal
forces. But, in some cases a numerical solution scheme is required, considering that there is not
always a general analytical solution for the previous equation. As follows, Finite Element Methods
and Boundary Element Methods present an alternative to solve those dierential equations.
B.2.1 Finite Element Method (FEM)
The Finite Element Methods simplies the domain as a nite number of elements, where in some
locations at the boundary are known the conditions of the variables. Using FEM, the displacement
eld u(x) is interpolated between values dened at the nodes that conform the elements (see Figure
B.2). The function which approximates the behavior of the variable of interest has to be continuous
over the element boundaries. The FEM solution for equations 2.18 and 2.20 is to minimize the
error over the domain boundary solving Equation B.3.
KU = F; (B.3)
where U and F are the nodal displacements and force vectors, respectively. Considering that K is
symmetric and spare stiness matrix, the system shown in the equation B.3 is relatively easy to
solve. However, the solution time actually depends on the used algorithm.
A. Fast Finite Elements (FFE)
The solution for [B.3] is given by Equation B.4:
U = K 1F: (B.4)
Considering this method, the partially viscous behavior of tissues or rapid deformations could
not be represented correctly. Because the preliminary compression requires that the matrix K is
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Figure B.2: Linear approximation of a smooth function based on the information of the control
points (xi) [27]
constant, as its modication would be too costly to be carried out in real time. This disadvantage
implies that tool-tissue interaction nor topological changes could be simulated.
B. Dynamic Systems
This model proposes a dynamic behavior in comparison with FFE. In order to solve Equation B.3,
the Newtonian law of motion 2.18 is considered again and solved with an explicit or semi-implicit
Euler method. As a result the equation B.5 is obtained.
M U+D _U+KU = F; (B.5)
where,M and D are the proportional diagonal mass and damping matrices, respectively. And dots
indicate temporal derivatives of displacement. To solve the dierential equation B.5, an explicit
approach based on the Eulers method can be implemented by dening nodal displacementsU(t+t)
at the instant t+t [50]:
Ut+t =


2
+
1
t
 1
2
t
Ut +


2
  1
t

Ut t  M 1t[KUt   Ft]

: (B.6)
To solve the same equation [B.5] for semi-implicit Eulers method, the product KU is evaluated
at the moment t+t instead of at the moment t. By doing this, the equation B.7 is obtained.
K^Ut+t = F^t; (B.7)
where,
K^  K+

1
t2
+

2t

M; (B.8)
F^t  Ft + 2
t2
MUt +


2t
  1
t2

MUt t; (B.9)
The advantages of the FEM for soft tissue modeling are [18]:
 Easy incorporation of biomechanical studies in the model
 The dynamic behaviors are easily accommodated. Therefore, re-meshing due to cutting or
suturing does not aect simulation stability.
 The representation of connected nodes is consistent with the data structures used in graphics
rendering.
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 Possibility to develop complex soft tissue behaviors regarding both linear and non-linear
continuum mechanics.
On the contrary, it is so complicated to obtain real-time results using FEM because of the
computational complexity to solve the system of equations. Additionally, FEM implementation is
not as straightforward as for mass-spring models.
Appendix C
Hardware Parameters
This research requires dierent devices that allow us to measure and validate the estimated material
properties of soft tissue. This appendix details hardware specications, calibration information and
general parameters taken into account. We provide information of Force and Torque sensor, stepper
motor, optical tracking system and laser scanner.
C.1 Stepper Motor
A Phidget Stepper Motor with reference 3313 was used to allow a controlled displacement to the
needle. Detailed specications of the motor that was used in our experiments are given in Table C.1.
Reference 3313  42BY GHW811 AG99:5NEMA  17Bipolar99:5 : 1
Type Planetary Gearbox Stepper
Ratio 99:5 : 1
Step angle 1:8
Step accuracy 5%
Working Torque 40 Kg   cm at 2:5 Amp
Connects to 1063 - Phidget Stepper Bipolar 1-Motor
Table C.1: Motor Specications
The velocity of the motor was xed to 0:248 mm=s and the needle was displaced 10 mm moving
down. This requires the parameter congurations for the motor shown by Table C.2.
CPhidgetStepper setCurrentLimit(stepper, 0, 2.3)
CPhidgetStepper getAccelerationMin(stepper, 0, minAccel)
CPhidgetStepper setAcceleration(stepper, 0, minAccel*500)
CPhidgetStepper getVelocityMax(stepper, 0, maxVel)
CPhidgetStepper setVelocityLimit(stepper, 0, maxVel/1)
CPhidgetStepper setTargetPosition(stepper, 0, 1305406.667)
Table C.2: Parameters for the conguration of the motor.
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C.2 Force and Torque Sensor
An ATI Mini40 SI-40-2 Force and Torque Sensor is used to record the reaction forces in the nee-
dle (laparoscopic grasp) during its interaction with the soft tissues. This sensor has a maximum
eective sample rate of 62:5 Hz. However, we work with an eective sample rate of 12:5 Hz to
decrease the amount of redundant data, because we consider low velocities around 0:24 mm=s.
Detailed specications are given in Table C.3.
Frequency 100 Hz
Averaging Level 16
Eective Sample Rate 12:5 Hz
Resolution in Fz 0:2 N
Calibration SI-40-2
Rated(Full-Scale) Loads in Fz 120 N
Maximum amount of error in Fz [%] 0:75%
Table C.3: F/T Sensor Specications
C.3 Laser Scanner
In this thesis we used a Zephyr KZ 100 laser scanner, from the Kreon 3D company (www.kreon3D.com).
This scanner is mounted on a FARO arm (www.faro.com/gage) and its specications are described
by Table C.4.
Scanner Model Serial No. KZ 100 155
Faro arm Model n0602
Faro arm s/n n06020301814
Single point accuracy 0:041 mm
Table C.4: Motor Specications
C.4 Optical Tracking System (OTS)
An OTS allow us to obtain the XYZ position of dierent markers in movement which are located
in a dened space. This systems are useful in many types of applications, such as industry, virtual
reality and medicine. OTS can be based on mechanical, optical, acoustical or magnetic measure-
ment principles, where the optical based OTS has one of the best characteristics in accuracy and
robustness [71].
Our OTS is from NaturalPoint (www.naturalpoint.com) and it has three main components:Optical
Imaging System (12 Infrared cameras), Markers (multiple 3 mm diameter spheres) and Soft-
ware (Tracking Tools).
Based on the bidimensional location of the markers in each camera view, the software registers
the information (using the calibration data) and calculates the 3D position of each sphere. Once
we obtained the position of each marker per frame we stream the data using NatNet. The charac-
teristics of the system are described in Table C.5.
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GENERAL SPECIFICATIONS
Cameras Type/No. LEDs V 100 : R2=26
No. Cameras/Focal Length 6=3:5 mm; 6=5:5 mm
Camera Resolution 640 480
Camera Latency 10 ms
Frame Rate 100 FPS
TRACKING TOOLS PARAMETERS
Camera Group Properties
Exposure 22
Threshold 235
Illumination 7
Video Type Precision Mode
Power Mode High Power
Frame Rate 100%
Camera Overlap 3
Volume Resolution 50
FOV Intensity 50
Point Cloud Reconstruction
Residual 5:42
Minimum angle 5
Minimum/Maximum ray length 0:2=10
Minimun/Maximum marker size 4/500
Min aspect ratio 0.6
Minimum/Maximum X, Y, Z [meters] -1/1, -1/1, -1/1
Application Settings
Visible Marker Size 3
Calibration Parameters
Wand Length [mm] 196
Center Distance [mm] 65
Data Streaming
Client/server networking SDK NatNet 2.1 SDK
Multicast IP 224.0.0.1
Multicast port 1001
Table C.5: OTS specications and conguration parameters.
